We present a comprehensive method for visualisation and quantification of the magnetic stray field of magnetic force microscopy (MFM) probes, applied to the particular case of custom-made multi-layered probes with controllable high/low magnetic moment states. The probes consist of two decoupled magnetic layers separated by a non-magnetic interlayer, which results in four stable magnetic states: ±ferromagnetic (FM) and ±antiferromagnetic (A-FM). Direct visualisation of the stray field surrounding the probe apex using electron holography convincingly demonstrates a striking difference in the spatial distribution and strength of the magnetic flux in FM and A-FM states. In situ MFM studies of reference samples are used to determine the probe switching fields and spatial resolution. Furthermore, quantitative values of the probe magnetic moments are obtained by determining their real space tip transfer function (RSTTF). We also map the local Hall voltage in graphene Hall nanosensors induced by the probes in different states. The measured transport properties of nanosensors and RSTTF outcomes are introduced as an input in a numerical model of Hall devices to verify the probe magnetic moments. The modelling results fully match the experimental measurements, outlining an all-inclusive method for the calibration of complex magnetic probes with a controllable low/high magnetic moment.
agnetic force microscopy (MFM) is a specific mode of scanning probe microscopy, which allows the acquisition of magnetisation distribution on a sample surface with spatial resolution down to a few tens of nanometres 1, 2 . Despite its wide-spread use, MFM has several shortcomings. For example, in standard MFM phase imaging, the measurements do not reveal quantitative information about the sample stray fields, but merely qualitative information about the second-order derivative of the magnetic stray field interaction between the sample and probe. To overcome this obstacle, the magnetic probe has to be calibrated using a well-known reference sample, as, for example, was proposed in Refs. [3] [4] [5] [6] [7] . Quantitative measurements require a precise characterisation of the probe's properties and a subsequent 'subtraction' of the probe-sample coupling contribution from the measured MFM data 3, 8 . Another shortcoming of standard MFM is uncontrollable switching of magnetisation in soft magnetic structures due to strong interaction with the relatively hard magnetic coating of MFM probes 9, 10 or, vice versa [9] [10] [11] [12] [13] . In this situation, multi-layered (ML)-MFM probes [9] [10] [11] [12] [13] that consist of two ferromagnetic layers separated by a nonmagnetic interlayer are advantageous due to their ability to be controllably switched between a high moment ferromagnetic state (FM: ↓↓, with the layers magnetised in the same direction), and a low moment antiferromagnetic state (A-FM: ↓↑, with the layers magnetised in the opposite directions resulting in a closed magnetic field flux around the apex of the probe). This unique property of ML-MFM probes makes them ideal for imaging magnetic structures with a wide range of coercivity and demagnetising fields. However, the interpretation of MFM phase images obtained using ML-MFM probes still requires detailed knowledge of the probe magnetisation and stray field profile.
One option to study the magnetic field geometry of ML-MFM probes is using electron beam techniques that can reveal magnetic domains within and stray field outside ferromagnetic samples. Modes such as Lorentz microscopy 2 , differential M phase contrast 14 and electron holography (EH) 15, 16 have already been employed for imaging magnetic domains, with the latter being particularly useful as it can provide a two-dimensional (2D) map of the projected magnetic flux distribution around the apex of the probe. Although EH is an extremely useful tool, the reconstructed phase images, being a projection of the flux, can often be difficult to interpret due to spurious interactions of the electron beam with magnetic fields emanating from other magnetic objects or electrical charges present in the vicinity of the studied nano-object 17 . Thus, accurate interpretation of EH images require detailed knowledge of the inherent magnetic structure of MFM probes, together with magnetic simulations 18 .
Another option is to use Hall sensors (e.g., made of graphene), which have the ability to carry large amount of current and the surface carriers can also be doped to a low carrier density, thus providing high sensitivity to magnetic fields 19 . As a result, sub-micrometre graphene sensors demonstrated a very good ability to detect relatively small magnetic fields with high spatial resolution [20] [21] [22] .
Characterisation of MFM probes by Hall sensors is generally achieved using the scanning gate microscopy (SGM) technique with frequency-modulated Kelvin probe force microscopy (FM-KPFM) feedback to eliminate any undesirable probe-sample electrostatic effects 21, 22 . However, reconstructing the stray field from the interaction between the probe and the Hall sensor is a mathematically complex and computationally time consuming.
The third possible option is define the real space tip transfer function (RSTTF) by means of a quantitative evaluation of the MFM signal taken from a reference sample with very well-known magnetic properties and then to derive magnetic properties of MFM probes 3, 8, 23, 24 . However, although this technique can be used to predict the response of the probe given a magnetic charge map 18 , it applies a number of assumptions about probe -sample interaction and cannot be used in cases where the presence of the probe modifies the properties of the sample.
In this paper, we use a comprehensive set of all experimental and modelling methods mentioned above to provide an input to a 2D finite element numerical model, which is used to predict the voltage response of a graphene Hall sensor. 
Results

Controllable switching of ML-MFM probes magnetic states
In order to establish the switching fields and sensitivity of the four different magnetic states of the ML-MFM probes, a reference floppy disk sample was scanned in the MFM phase imaging mode. To control the magnetic configuration of ML-MFM probe, we applied a pulse of out-of-plane magnetic field B (i.e., parallel to the vertical axis of the probe). Figure 1a shows MFM images obtained in four different configurations (±FM and ±A-FM) for the thin ML-MFM probe. The ±FM states were achieved by applying a 10 ms pulse of B = ±20 mT, whereas the ±A-FM states were achieved by applying consequent pulses of B ≈ ∓20 mT and ±13 mT (Fig. 1b) . The line profiles taken along the same region of the floppy disk sample for the -FM and -A-FM states clearly show that -FM state exhibits approximately double the phase change compared to the -A-FM state (Fig. 1c) . Comparison of the line profiles for the ±FM (Fig. 1d ) and ±A-FM (Fig. 1e) states demonstrates the expected inversion of the MFM phase change, which indicates successful reversal of the probe magnetisation and its stability during the scanning.
Additionally, imaging a HDD sample with bit size of 30 nm revealed average lateral spatial resolution of thin ML-MFM probe in FM and A-FM states to be 21.4±4.1 nm and 12.6±2.2 nm, respectively (see Supplementary Fig. S1 and Table S1 ). (Fig. 4) . This approximation is valid for both FM and A-FM states, with the two dipoles pointing along the same or opposite directions, respectively. Analysing and fitting stray field profiles along the x-direction, a slight asymmetry in the profiles is observed, which requires a rotation of the dipole moments by about 8° (Fig. 4a) Table 1 . Apart from small deviations in the absolute moment values, the switching from the FM to the A-FM state essentially occurs via the reversal of the z-component of the layer with smaller dipole moment. This simplified description of the true 2D stray field characteristic allows for an easy estimation of the stray fields at various distances below the probe apex and is used for SGM calculations. Figure 5a shows the experimental mSGM measurement setup for mapping the local Hall voltage (VH) with 15 µA bias current applied across the single layer graphene Hall sensor and peak-to-peak probe oscillation amplitude (Aosc) of 88 nm (see Methods for further details). The minimum distance of the probe from the sensor plane is zero and the probe in-plane projection is orientated at ~10° from the vertical arm of the Hall cross (Fig. 5b) . Figure 6 shows the experimental mSGM maps for commercial as well as thin and thick ML-MFM probes in FM and A-FM (only for ML-MFM probes) configurations. The magnitude of the VH response depends on the probe-sample vertical separation, the oscillation amplitude and magnetic moment of the MFM probe and the bias current applied to the device. The polarity of VH depends on the directions of the applied current and on the probe magnetisation orientation 21, 22 . Thus, in the present dataset, parameters for the probe-sample separation, oscillation amplitude, bias current and electrical connections have been kept the same throughout the experiment. First, a stable reference map of VH was established using a commercial probe in +/-orientation of the stray field with the peak signal of VH ~+1.7/-1.9 µV, respectively ( Fig. 6a and Table 2 ). In the +FM state of the thin and thick ML-MFM probes, peak VH values of ~+3.0 µV (Fig. 6b ) and ~+5.1 µV (Fig. 6c) , respectively, was observed within the Hall cross region. The line profiles in Fig. 6d show a clear bell type response. The increase in VH response is due to the increment in the Co layer thickness, which directly leads to an increase in the probe's stray magnetic field. We can assume that possible formation of multi-domain states in the thick probe does not significantly affect the magnetisation at the apex of the probe and thus an overall increase in the probe magnetic moment can be detected. Similar Hall images and thickness dependence were also observed for commercial single layer probes from other manufactures 21, 30 . Similarly to the commercial probe, the remagnetisation of ML-MFM probes to the -FM state leads to the change in the VH polarity, i.e., bell shape response with the negative peaks (Figs. 6a-6c and 6e). The relative changes in the peak VH values were generally consistent for all the analysed probes in their respective -FM states (-1.9 μV, -3.1 μV and -6.4 μV for commercial, thin and thick ML-MFM probes, respectively) ( Fig. 6e and Table 2 ).
Magnetic scanning gate microscopy
Moreover, the radial symmetry of the Hall response for the ±FM states suggests that the magnetisation is mainly aligned along the z-axis of the probe, which is in good agreement with electron holography images (Fig. 2b) and the dipole approximation from the RSTTF ( Table 1) . For the thick ML-MFM probe, the VH peak in the ±A-FM state becomes ~2 times smaller than in the ±FM state, which signifies a noticeable decrease in the out-of-plane magnetic field coming from the probe apex (Figs. 6d, 6e and Table 2 ). It is noteworthy that for the thin ML-MFM probes, the previous comparison ( Fig. 1 and Supplementary   Fig. S1 ) between FM and A-FM states yielded ~2-and ~4-fold decrease in MFM phase signal for floppy and HDD sample, respectively. This discrepancy is likely related to material properties of the floppy disk and HDD, and also their magnetisation direction (i.e., parallel and perpendicular recording, respectively). In the current experiment, an even larger decrease (~5-fold) is observed for the thin ML-MFM probe transitioning from ±FM to ±A-FM, which indicates the pronounced reduction in the stray magnetic field. As a consequence of the generally lower magnetic response from the A-FM state of the thin ML-MFM probe, the maps also reveal minor electrostatic signal due to imperfect KPFM compensation, seen as the dark and bright contrasts at the corners of the Hall cross (Fig. 6c , right column) 21, 22 . Closer inspection of the maps from commercial and thick probes also shows small parasitic electrostatic contribution, however in these cases, the significantly larger magnetic response masks the weaker electrostatic signal.
Regardless, the lower VH response from A-FM states is consistent with the dipole approximation (Table 1) 
Methods
Fabrication of multi-layered probes. A series of ML-MFM probes were fabricated using magnetron sputtering (AJA International Aurora, ATC-2200) in Ar atmosphere. Commercial Si cantilevers (PPP-FMR, Nanosensors) with typical resonance frequency f0 = 70-80 kHz, force constant = 2-3 Nm -1 and curvature radius of ~10 nm were chosen for coating. The coating was deposited on two faces of the pyramidal probe (Fig. 2a) and the ML-MFM probe was comprised of two Co layers separated by a Si interlayer (Fig. 1b) . Two coating thicknesses were considered, i.e., Co(30 nm)/Si(10 nm)/Co(30 nm) for thick and Co(15 nm)/Si(10 nm)/Co(15 nm) for thin ML-MFM probe. The film thicknesses were estimated using SEM and material deposition rates measured on a flat surface. The final curvature radii were ~20 nm and ~35 nm for thin and thick ML-MFM probes respectively. For comparison, the curvature radius of commercial MFM probes (PPP-MFMR, Nanosensors 25 ) is ~30 nm. Detailed SEM investigations of custommade ML-MFM probes revealed that the outer magnetic layer is longer, i.e., geometrically closer to the sample's surface, than the inner one, see schematics in Fig.  1b . Furthermore, the orientation of the ML-MFM probe faces was within 2° of being perpendicular to the sample surface during scanning.
Magnetic force microscopy phase imaging. The MFM phase imaging of the floppy and hard disk drive sample was performed with the NT-MDT Ntegra Aura scanning probe microscope (SPM). The system was fitted with a home-built coil to apply an out-ofplane magnetic field during scanning. MFM phase imaging was carried out as a twopass technique using the ML-MFM probes. During the first-pass, the SPM was operated in atomic force microscopy mode to determine the topography. During the second-pass, the topography line (obtained during the first-pass) is retraced while oscillating the probe at f0, maintaining a set distance of 9 nm between the probe and sample, and recording the cantilever phase change resulting from the probe-sample magnetic interactions.
Electron holography imaging. EH experiments were carried out in the Hitachi HF3300 (I2TEM-Toulouse) microscope, a TEM specially designed to perform in-situ EH experiments with high phase shift sensitivity and spatial resolution lower than 1 nm, thanks to the combination of a high brightness cold field emission gun 31 (of about ~ 10 9 A/cm 2 sr), an image corrector (aplanator B-COR, from CEOS, for correcting off-axial aberrations) and a multi-biprism setup capability 32 . EH is a powerful technique employed to study the local magnetic distribution of ferromagnetic nanostructures by imaging the two-dimensional projection of the magnetic induction inside and outside the specimen. By performing an interferometry experiments, EH retrieves the phase shift of the object electron wave, which is strongly perturbed by the electromagnetic potentials present inside (magnetisation, mean inner potential) and outside (magnetic stray field, electric field) of the nanostructure. Magnetic information of the specimen is where CE is an interaction constant depending on the acceleration voltage of the electron beam (for a 300 kV TEM, CE = 6.53  10 6 rad V -1 m -1 ), e is the electron charge, ħ is the reduced Planck constant, V is the electric potential and Az is the component of the magnetic vector potential, which is perpendicular to the electron trajectory (z-axis). In absence of any electric potential, phase shift only provides magnetic information of the sample and it is directly proportional to the magnetic flux, (x, y), [M(x, y) = (e/ħ)(x, y)] 33 , so images of the phase shift will directly provide maps of the magnetic flux. Moreover, M(x, y) and the projected magnetic induction, Bproj(x, y) are related as (x, y)Bproj(x, y) = 0, 34 so that the direction of the magnetic phase shift gradient is linked with the perpendicular direction of the projected magnetic induction, following the right-hand rules between them (x, y), Bproj(x, y) and the electron trajectory. In Figure 2b , we represent magnetic flux images of the stray field distribution near the ML-MFM probes' apex for the FM and the A-FM states for the thick ML-MFM probe. In these images, magnetic flux line representation is made where a sinusoidal function is applied on amplified magnetic phase shift images [cos (n(x, y) ), where n is an amplifier factor]. As the pyramidal base of the ML-MFM probes has a size of several microns, the EH setup was tuned to reach the maximum field of view (1.05 m), with a spatial resolution of 3 nm, using a double-biprism setup. The different magnetisation states where identified using a corrected Lorentz mode and placing the samples in the 'normal stage' of the I2TEM (conventional TEM holder position, where the specimen is located between the pole pieces of the objective lens), after switching off the objective lens. The controlled magnetic field produced by the objective lens pole pieces was used to induce the FM and A-FM states of the ML-MFM probes.
